Surface-enhanced Raman scattering (SERS) measurements
The SERS measurements were carried out using Raman spectrum (Horiba, LabRAM HR-800) with excitation laser wavelengths of 633 nm (laser power of 0.2 mW) with a laser spot diameter of 1 μm. All Raman spectra between 800 and 1,800 cm -1 were recorded by fine-focusing a 100× (Numerical aperture, 0.9) microscope objective using a data acquisition time of 5 s. The strong a1-type band of probe molecule 4-ATP at around 1577 cm -1 was used to calculate the SERS enhancement factor (EF). For the Raman test, SCs were assembled on either a bare Si wafer or a Au-covered Si wafer. The Si or Si/Au substrate-supported SCs were first UV/ozone-treated for 20 min and then submerged into 0.15 mL of ATP-ethanol solution (10 -1 −10 -9 M) and left undisturbed for 6 h. The samples were rinsed with ethanol and dried before testing.
The SERS enhancement factor (EF) was determined by where ISERS and Iref correspond to the integrated SERS and reference 4-ATP Raman intensities, respectively, normalized for acquisition time (5 s) and laser power (0.2 mW). NSERS is the number of adsorbed 4-ATP molecules on the substrate containing nanocrystal assemblies within the laser spot. For the gold nanocrystals assembled on the substrate covered by a thin layer of sputtered gold, the NSERS can be further calculated by
where Nd is the number density of particles per unit area, R is the radius of the laser beam (0.5 μm), AN is the surface area of a single particle, and σ is the footprint size of 4-ATP molecule (0.20 nm 2 ). Nref is the number of 4-ATP molecules within the illumination volume of laser in a bulk sample. Nref was calculated by
where ρ is the bulk density of 4-ATP (1.2 g cm -3
), h is the laser confocal depth (~16 μm), NA is the Avogadro's number, and M is the relative molecular mass of 4-ATP. Fig. 2 were produced in the presence of 0.13 mM AgNO3 under otherwise identical conditions. It is shown that the presence of a very small concentration of Ag + ions led to the formation of the pyramidal heads with the {111} exposed facets, and an increase in the concentration of Ag + ions resulted in a gradual enlargement of the {111} facets. fig. S6. Scheme of the possible mechanism of GNR overgrowth under different kinetic conditions. The 2D models correspond to the cross section (dashed black line) in the framed 3D model of a <001>-oriented GNR. The formation of the four-wing shaft may be attributed to the relative magnitudes of deposition rate (Vdeposition) and surface diffusion rate (Vdiffusion). The overgrowth process of GNRs to GNAs consists of the deposition of Au atoms on active sites of GNRs (e.g., {110} facets) and subsequent diffusion of as-deposited atoms towards the sites with lowest surface free energy. Clearly, the first step is kinetically controlled while the diffusion step is thermodynamically favored. In detail, when Vdeposition/Vdiffusion < 1, a larger proportion of adatoms would undergo a diffusion process leading to the thermodynamically favored structures (A), while the growth at active sites would be relatively slow. When Vdeposition/Vdiffusion >1, the growth would prevail at the active sites rather than the sites with lowest surface free energy, resulting in the formation of kinetically favored structures with slightly concave structures (B). Furthermore, When Vdeposition/Vdiffusion >>1, the surface migration could be ignored and the growth predominately would occur at the active sites, promoting the protrusion of the four wings from active sites, i.e., the {110} faces, as observed in the case of GNAs (C). note S1. Discussion on simulated absorption, scattering, and extinction spectra of GNA SCs.
All the three assembled structures show absorptions below ~ 700 nm arising from coupled plasmon resonance; notably, for the Net-I structure, two absorption peaks appear owing to complex coupling and hybridization of plasmon resonance modes. In the simulated scattering spectra, both the Net-I and Weave-I structures exhibit a broad in-plane dipolar LSPR peak around 700 nm. In contrast, the in-plane dipolar LSPR peak of the Zipper structure splits into two well-defined and spectrally separated hybridized modes at 610 nm and ~790 nm, which correspond to the in-phase (high-energy) and out-of-phase (low-energy) oscillations of the dipole moments of individual GNAs, respectively, presumably originated from the broken symmetry in the anisotropic packing structure. The extinction spectra of the three structures represent a combination of the absorption and scattering spectra. In the low-energy region, the Net-I and Weave-I structures exhibit a broad extinction peak around 700 nm as the dipolar mode, while the Zipper structure displays a relatively sharp peak at 610 nm and a broad peak at 790 nm, which mainly originate from the scattering peaks arising from complex coupling and hybridization of plasmon resonance modes. The GNA supercrystals exhibit pronounced polarization-dependent scattering properties. The simulated scattering spectra of Net-I and Zipper supercrystals with the polarizations of the incident light along 0° and 90°, which are perpendicular and horizontal to the longitudinal axis of the superstructure, respectively, are presented in fig. S19 . For the planar Net-I SCs, the main scattering peak exhibits a red shift as the polarization changes from 0° to 90°, implying that stronger plasmonic coupling along the 90° polarization owing to a longer electron resonance distance might red-shift the scattering spectra. Moreover, the difference between the scattering maxima at 0° and 90° polarizations, which is denoted as Δλ, can be systematically tuned by adjusting the configuration of the Net-I SCs through slipping along the glide planes. For Net-I-wide with the shortest inter-particle distance along the longitudinal direction, Δλ is as large as ~ 250 nm. As the distance along the longitudinal direction is enlarged, Δλ is decreased gradually and reaches ~ 190 nm for Net-I-narrow with the longest inter-particle distance, indicating that stronger plasmonic coupling along the 90° polarization due to a shorter inter-particle distance might bring about a more pronounced red shift in the scattering spectra. It is noteworthy that the Δλ values for all the Net-I SCs are much larger than the reported Δλ value (~ 10 nm) for the superlattices consisting of gold nanooctahedra (43), indicating that the highly asymmetric shape of the gold nanoarrows is favorable for enhanced polarization-dependent scattering. Furthermore, the Zipper structure exhibits two well-resolved SPR peaks in the scattering spectra for varied polarizations, and both the position and relative intensity of the scattering peaks change remarkably upon changing the polarization from 0° to 90°, indicating a very complicated polarization-dependent optical response. This result suggests that the polarization-dependent scattering properties of nanocrystal superstructures are largely dependent on the spatial arrangement of the anisotropic building blocks.
The polarization-dependent properties may lead to several applications such as polarization-dependent optical metamaterials, plasmonic color generation, and sensing (43, 44) . We can envision that regular GNA assemblies may generate switchable color and polarization response. Since Δλ of Net-I is much higher than the superlattices made of ordinary anisotropic nanoparticles, the color contrast between different polarizations would be more pronounced.
Besides, a more complicated color change might take place for the Zipper structure because of the remarkable changes of both position and relative intensity of the scattering peaks. If patterned arrays of the GNA SCs could be achieved through template-directed assembly, it would be possible to realize security tagging and spatial encoding of complex, wavelength dependent polarization responses that are easily detectable. The availability of large-area assembly of Net-I and Zipper SCs with distinct structural characteristics enables the preliminary investigation of their SERS modalities. To achieve prominent Raman scattering enhancement, the Net-I SCs assembled on the Si plate covered with a thin layer of sputtered gold (Si/Au) were employed as the detection substrate while 4-aminophenol (4-ATP) was chosen as the probe molecule ( fig. S20 ). We observed that the SERS intensity of 4-ATP (10 -3 M) on the Net-I SCs was much higher than that of naked Si/Au substrate at an excitation wavelength of 633 nm, indicating that the Raman signals were greatly enhanced by the GNA supercrystals. Compared with the monolayer supercrystals of vertically aligned gold nanorods (GNRs), the SERS enhancement of GNA assemblies was much stronger. Specifically, the enhancement factor (EF) of the Net-I SCs and the GNR SCs at 1577 cm -1 was calculated to be 1.63×10 6 and 1.08×10 5 , respectively. The SERS detection of 4-ATP with different concentrations demonstrated that the SERS measurement using the Net-I SCs as the substrate is highly sensitive and produces a detectable signal when the concentration of the probe molecule is as low as 10 -9 M.
For comparison of the SERS performance between the Net-I and Zipper SCs, these two structures were assembled on bare Si substrates and used for SERS detection of 4-ATP ( fig. S21 ). The Net-I SCs show a 2.9-fold higher Raman intensity than the Zipper SCs at 1577 cm -1 . This result is in good agreement with the average normalized electric field intensity |E|/|E0| (2.0 for Zipper and 2.9 for Net-I). It may be rationalized by considering that although the Zipper structure has a higher packing efficiency than Net-I, the Zipper structure offers less hot spots than Net-I since the face-to-face contact area between neighboring GNAs in Zipper is considerably less than that in Net-I.
Movie Captions movie S1. Rotation of two GNAs around the z and x axes showing the geometric models. movie S2. Locking and unlocking process of two GNAs with a concave geometry.
